Ab initio calculations of the loss function of potassium-intercalated and electron-loaded bundles of single-walled carbon nanotubes yield a channeled-charge-carrier plasmon without perpendicular dispersion. Experimentally, we probe the momentum-dependent loss function of thin bundles consisting of only a few potassium-intercalated single-walled carbon nanotubes by angle-resolved electron-energy-loss spectroscopy and confirm this intrinsic channeling. The charge-carrier-plasmon energy is via in situ intercalation and is tunable in the near-visible infrared-energy range from 0.85 to 1.15 eV.
I. INTRODUCTION
In conventional bulk metallic systems the collective electronic-excitation spectrum is comprised of free-chargecarrier or intraband plasmons and interband plasmons. Plasmons are, in analogy to sound waves, longitudinal density fluctuations that propagate through the electron plasma. In the optical limit at vanishing momenta q =hk → 0, the metallic intraband plasmon scales with the electron density n e and occurs at ω 2 P = n e e 2 /m ε 0 . Staged graphite-intercalation compounds (GICs) are a special case of metallic systems with well-defined stoichiometry. The intraband plasmon as well as the interband plasmon of the electronic π and σ bands in GICs have been known for a long time. 1 Another important classification of plasmons is the distinction between bulk and surface modes. The latter are confined to the interface of two dielectric media where the sign of the frequency-dependent dielectric response ε(ω) changes. For a Drude metal in vacuum, the free surface plasmon is found at ω S = ω P / √ 2. In a free-charge-carrier plasma there is a quadratic dispersion relation 2 whereas the intra-and interband-plasmon dispersion of actual solids is influenced by the band structure. 3, 4 The two-dimensional domain of a surface plasmon cancels any defined momentum state or dispersion relation in the perpendicular direction. Well-defined momentum states only apply parallel to the surface.
Individual single-walled carbon nanotubes (SWNTs) or thin wires thereof are archetypes of quantum wires with unique and strongly anisotropic dielectric properties. Macroscopically aligned SWNT films [5] [6] [7] may be envisaged as a nano-meshed metamaterial. In dielectric metamaterials the plasmon response may also be affected by crystal local-field effects (LFEs). These are of more pronounced importance in isolated sheets or even nanowires. [8] [9] [10] [11] The full electronicexcitation spectrum beyond the optical limit is accessible by electron-energy-loss spectroscopy (EELS). 7 Angle-resolved EELS (AR-EELS) assesses plasmon energies and dispersion relations. 12, 13 The present work addresses the frequency-and momentumdependent dielectric response of freestanding metallic nanowires. Our ab initio calculations on K-intercalated-and electron-loaded-SWNT bundles show a channeled low-energy charge-carrier plasmon. The electron density and hence the frequency of the charge-carrier plasmon in freestanding SWNTs is tuned by in situ potassium intercalation. We confirm the presence of a channeled and tuneable charge-carrier plasmon in the near-infrared region from 0.85 to 1.15 eV by AR-EELS measurements.
II. METHODS
Density-functional-theory (DFT) calculations for bulk-SWNT bundles were performed using the real-space projectoraugmented-wave (PAW) code GPAW 14 with the Perdew-BurkeErnzerhof (PBE) exchange-correlation (xc) functional. 15 The optimized unit cells for bundles of (10, 10) [(17,0)] SWNTs of 2.470 (4.272)Å in the axial direction and 16.95 (16.88 )Å between SWNTs in the bundle cross section were employed, containing 40 (68) carbon atoms and 2 potassium atoms, respectively. Atomic coordinates were relaxed until forces were below 0.05 eV/Å. Charged calculations with Q = −1,−2, . . . ,−8 e/cell were performed with a uniform background potential to eliminate interactions between neighboring unit cells. To determine the effect of lattice expansion due to charging of the SWNT bundles, calculations for the highest considered electron loading e/C = 12.5% were performed by expanding the lattice parameters in the bundle cross section by 1%,2%, . . . ,10%. Even a 10% lattice expansion of the SWNT bundle did not noticeably affect the charge-carrier-plasmon energy. Note that the uncharged geometries were further optimized within the electron-loaded model. A MonkhorstPack k-point sampling with 25 (15)k points along the axial direction and 4 × 4 k points in the bundle cross section was employed, yielding a momentum-transfer resolution q of ≈0.1Å −1 . Loss-function calculations were performed using linear-response time-dependent DFT within the random-phase approximation 16 with LFEs included.
Samples for AR-EELS are freestanding sparse films of vertically aligned SWNTs, which were prepared as described in Ref. 17 . The individual nanowires are composed of typically five to seven SWNTs and are arranged in a sparse random array with a bulk density as low as ρ ≈ 0.05 g cm −3 . 18, 19 The diameters of the individual SWNTs are ∼2 nm. Commercial potassium getters from SAES getters were used to evaporate potassium and perform successive in situ intercalation of the sparse-SWNT film. The angle-resolved loss function of potassium-intercalated sparse-SWNT films was measured in a purpose-built EELS spectrometer, 20 operated at energy and momentum resolutions of 80 meV and 0.03 AA −1 , respectively. The incident beam is in normal transmission parallel to the net alignment direction, and the momentum transfer q is predominantly perpendicular to the axis of the sparse SWNTs.
III. RESULTS
The loss function of GIC KC 8 , fully intercalated bulk SWNTs, and fully intercalated sparse SWNTs are shown in Fig. 1 . All three potassium-intercalated allotropes of sp 2 carbon exhibit a charge-carrier plasmon at small energies (• ), an interband excitation of the electronic π system at intermediate energies (π ), and lastly a more structured π + σ interband response of the remaining C 2p electronic system ( ). The atomic K 3p → K 4s excitation (K) is found embedded in the π + σ structures. The most apparent observation is that all charge-carrier and interband plasmons are downshifted when going from KC 8 via bulk-SWNT bundles to sparse SWNTs. This behavior is entirely conceivable within the Drude-Lorentz model in which the longitudinal plasma frequency ω L is offset to the transversal (optical) plasma frequency ω T according to ω K 2p core-level excitations shown in Fig. 2 . The different densities, observed peak positions, and widths of the intraband plasmon at the individual doping steps are collected in Table I .
The changes in the loss function during successive potassium intercalation of the nanowires are shown in Fig. 3 . The vertical dashed line marks the unchanged position of the π plasmon. The intraband plasmon (•) is gradually upshifted with increasing potassium concentrations. The square of the plasmon position ω 2 P is plotted against the potassium concentration in Fig. 3(b) . Our current studies on sparse SWNTs are compared to pioneering studies on graphite-intercalation compounds 1 as well as preceding studies on SWNT bundles.
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All three sp 2 -carbon systems exhibit a monotonic increase of ω 2 P with increasing K/C ratio. A key difference here is the sharp onset of an intraband plasmon near a K/C of 4-5% in SWNT bundles as opposed to the smooth behavior in the sparse-SWNT films. In SWNT bundles the intraband plasmon occurs only when the semiconducting SWNTs are driven metallic as well. 22 We suggest that the competition for charge transfer only occurs inside interstitial channels where semiconducting and metallic SWNTs meet. Neither the calculated all-metallic or semiconducting bundles nor the surface-dominated sparse SWNTs provide such interstitial TABLE I. Potassium concentrations and intraband-plasmon energies ω P for a sparse-SWNT film in comparison to those of fully intercalated bundled SWNTs and KC 8 from Ref. 21 . The subscripts B and S denote bulk and surface plasmons, respectively.
Step The empirical data on bundled and sparse SWNTs in Fig. 3(b) is clearly beyond the classical homogenous Drude model with complete charge transfer, which would feature a straight line. In contrast, the calculated charge-carrier plasmon in electron-loaded all-(10,10) or (17,0) bundles lies close to the interpolated data from intercalated graphite. It also scales linearly with the charge transfer.
The comparison of electron-loaded and potassiumintercalated calculations suggests that there is a complete charge transfer in GICs as well as K-intercalated semiconducting SWNTs but only a fractional (∼2/3) charge transfer in K-intercalated metallic SWNTs. The very different changes of the π resonance of the C 1s core edges in Fig. 2 of KC 8 and K-intercalated nanowires underpins this possibility. On this basis, we propose that on the nanowires, K ions will first occupy the fully coordinated sites and only later lower-coordinated sites with reduced partial-charge transfers. Thus the increase in ω 2 P levels off, and its energy is finely tuned by the K concentration.
Regarding the different plasmon energies in sparse SWNTs and bulk bundles, the sparse SWNTs form thin bundles that resemble the textbook example of a metamaterial consisting of parallel metallic cylinders. The key characteristics of such a classical system 23 with a material-intrinsic ω P but only a very low filling ratio f 1 are (i) a bulk on-axis plasmon that scales with the filling ratio f ω P and (ii) an orthogonal localized surface plasmon at ω P / √ 1 + ε ∞ . In the present case of negligible dielectric screening, ε ∞ becomes unity, and the surface plasmon arises at ω P / √ 2. The low filling ratio of f ≈ 0.07 switches off the on-axis plasmon, but the orthogonal surface mode is preserved. In this intuitive model we can interpret the down-scaled intraband plasmon in nanowires as a localized surface mode of the charge-carrier plasmon in bulk bundles. The scaling of the curves in Fig. 3 yields a scaling factor of ω The momentum dispersion of the loss function in Fig. 4 (a) reveals the elementary electronic-excitation spectrum beyond the optical limit (q → 0). The dotted lines highlight the dispersion of individual features. We find a pair of one nondispersive and one dispersive plasmon for the π -interband plasmon. 11 The charge-carrier plasmon is observed exclusively as a nondispersive mode. The calculations of the loss functions in Fig. 4(b) were performed for pristine-and K-intercalated-SWNT bundles. The low-energy range shown here features the π plasmon as well as a new charge-carrier plasmon above 1 eV specific to intercalated bundles. Calculations for q are shown in Fig. 2 . Here the additional charge-carrier response shows dispersive behavior for the lowest momentum transfers before it is quickly dampened by interband transitions. The comparison of q and q ⊥ reveals the exclusive appearance of the nondispersive π plasmon for q in (17,0) and q ⊥ in (10, 10) . The nondispersive π plasmon is therefore always found for q along the armchair direction. 24 The charge-carrier plasmon in K-intercalated armchair and zigzag bundles is found to be independent of q being along the armchair or zigzag direction but behaves differently for q and q ⊥ .
While the charge-carrier plasmon behaves ordinarily for q , the gradual damping and absence of orthogonal dispersion with q ⊥ are unexpected in a bulk system. They are the hallmark of one-dimensional channeling on individual SWNTs inside a bulk bundle.
As counterintuitive as this ab initio finding might seem, it is fully corroborated by no less unexpected experimental findings. 21 The current AR-EELS experiments demonstrate a doping-dependent and non-q ⊥ -dispersive intraband plasmon in sparse SWNTs. The ab initio calculations on intercalated and electron-loaded bundles provide an ab initio footing for the interpretation of the observed plasmon as the charge-carrier response in effectively decoupled SWNTs. This interpretation 085424-3 also explains the nondispersive behavior of the charge-carrier plasmon observed in K-intercalated bulk-SWNT bundles. 21 Another very important aspect of one-dimensional electronic systems is the electronic Tomonaga liquid. 25 It was first evidenced on mixed-SWNT material by the characteristic power-law onset in photoemission spectra. 26 It was believed that 2/3 of semiconducting SWNTs act as spacers to maintain one-dimensional metallic channels inside the bulk bundles. Later, it was discovered that all metallic-SWNT bundles are a Tomanaga liquid as well. 27 The latter surprising finding is fully in line with our notion that metallic SWNTs in a bundle do act as independent channels. The channeling of the intraband plasmon is not only provided by the nanowire morphology, but it is indeed an intrinsic property of each and every SWNT.
IV. CONCLUSIONS
Summarizing, we have demonstrated direct experimental access to the full spectrum of localized and delocalized interband and charge-carrier plasmons in bulk and on sparse SWNTs. We have also put fractional charge transfer in alkali-intercalated-SWNT bundles as well as the intrinsic nature of channeled-charge-carrier plasmons in SWNTs on an ab initio footing. The intrinsic local channeling gives rise to uniform and well-defined bulk properties, independent of the detailed morphology. This robustness against variations in the microscale is a versatile aspect for plasmonic devices based on carbon nanotubes.
